Evidence accumulated in the last 3 years indicates that cells experimentally transformed to malignancy by DNA viruses retain noninfectious viral genes that are continuously transmitted in subsequent generations with at least some manifestations that are reminiscent of bacterial lysogeny.' Perhaps the most interesting manifestation of these noninfectious viral genes is the synthesis of specific tumor antigens that are not components of the virus particle (virion) but are identical with antigenic materials synthesized early after a cytocidal infection of normal cells. Of special interest in connection with these tumor antigens in animal cells are the previous demonstrations that new antigens appear within a few minutes after viral infection of bacteria prior to the onset of DNA synthesis and that new traits acquired by lysogenic bacteria can also be demonstrated early after lytic infection of bacteria.2
Evidence accumulated in the last 3 years indicates that cells experimentally transformed to malignancy by DNA viruses retain noninfectious viral genes that are continuously transmitted in subsequent generations with at least some manifestations that are reminiscent of bacterial lysogeny.' Perhaps the most interesting manifestation of these noninfectious viral genes is the synthesis of specific tumor antigens that are not components of the virus particle (virion) but are identical with antigenic materials synthesized early after a cytocidal infection of normal cells. Of special interest in connection with these tumor antigens in animal cells are the previous demonstrations that new antigens appear within a few minutes after viral infection of bacteria prior to the onset of DNA synthesis and that new traits acquired by lysogenic bacteria can also be demonstrated early after lytic infection of bacteria. 2 The demonstration that inhibitors of DNA synthesis, which can prevent the production of virion antigens in mammalian cells infected by the oncogenic SV403 and adenoviruses,4 5 do not prevent the synthesis of the specific tumor antigens, indicated that production of the tumor antigens was not dependent on replication of new viral DNA. However, formation of the tumor antigens was not prevented by such inhibitors of protein synthesis as p-fluorophenylalanine (500 ;ig/ml) and puromycin (10 1sg/ml-the maximum concentration that could be used without destroying the primary African green monkey kidney cells).6 The data reported on the effect of actinomycin D (dactinomycin) at 1 Ag/ml for a period of 48 hr after addition of the virus show that the amount of tumor antigen formed was diminished but not suppressed; this observation was interpreted as indicating that synthesis of the tumor antigens requires DNA-dependent RNA.' Since this amount of dactinomycin was said to be so toxic for the cells that observations for more than 24-48 hr were not possible,6 and since it was not shown that the effect of this drug was reversible before death of the cells, it is difficult to evaluate the significance of the observed depression in the amount of tumor antigen formed.
The demonstrated capacity of chloramphenicol (at 25 jig/ml) to stop with 1 min or less those reproductive processes of phages T2 and T4 that depend on protein synthesis,7 prompted the investigation of the effect of this drug on the synthesis of the tumor and virion antigens in cells infected with the SV40 virus, particularly since recent studies indicated that under certain conditions this drug can inhibit protein synthesis in mammalian cells as well as in bacteria.8-10 The investigation of the effect of streptovitacin A-an hydroxylated analogue of cycloheximide (actidione)-was prompted by several factors: (1) despite its lack of antibacterial activity it has been shown to be capable of stopping protein synthesis in mammalian cells within 15-30 min with a depression of DNA synthesis that does not exceed 50 per cent and with no depression of RNA synthesis; (2) the suppression of protein synthesis is completely reversible within a short time after removal of the PROC. N. A. S. drug; and (3) the remarkable report that it not only blocked replication of vaccinia virus (presumably by blocking the synthesis of uncoating protein enzymes) when it was added shortly after adsorption of the virus to the cells, but when the drug was washed out after several hours and protein and DNA synthesis was restored, replication of this DNA virus still failed to occur.1' While the study of the effect of dactinomycin was originally included for comparative purposes in the same cell system, the unexpected results that were obtained under different conditions prompted further explorations, particularly in view of the interesting report that appeared, while these studies were in progress, that glucose nullified the inhibitory effect of this drug on protein synthesis without affecting the inhibition of RNA synthesis in sarcoma-37 cells.12
Materials and Methods.-The BS-C-1 stable line of Cercopithecus monkey kidney cells,'3 maintained as previously described,'4' 15 was used between the 88th and 112th passage levels. Thirtytwo-oz bottles, seeded with about 107 trypsinized cells that were allowed to grow for 8-11 days when a densely packed sheet of about 2 X 107 cells was present, were infected with the 777 strain of SV40 virus in amounts indicated in the tables. The maintenance medium after addition of the virus consisted of Eagle's basal medium (BME), 1% heated chicken serum, and 0.2% final concentration of NaHCO3. At the various times indicated in the tables, the cell sheet was rubbed off the glass into the fluid medium with a "rubber policeman," and centrifuged at 500 X g (1,500 rpm International Horizontal Centrifuge) for 10 min. The fluid was decanted, the tube was kept in an inverted position for at least 10 min to permit complete drainage of the fluid, and the packed cells (usually 0.1-ml vol) were suspended in 2 ml of BME without serum or phenol red. This cell suspension, quickly frozen (-70°to -80'C) and thawed (37°C) 4 times, constituted the undiluted antigen that was used uncentrifuged for determining the amount of complementfixing (CF) tumor (nonvirion) and virion antigens. The CF tests were carried out with 0.1-ml quantities of serum, antigen, and complement (1.5 exact units) incubated overnight at +40C, followed by the addition of 0.2 ml of sensitized sheep erythrocytes.
The reagent for measuring the tumor antigens was serum from SV40 tumor-bearing hamsters, previously shown to contain CF antibodies only against antigens derived from SV40 tumors and not from other hamster tumors. It was standardized on the basis of its reactivity with nonvirion tumor antigens contained in the centrifuged, virion-free extracts of SV40 virus-infected BS-C-1 cells rather than with antigen derived from hamster tumors, because the antibody content can be different when measured with preparations of different origin.'5 The reagent for measuring the virion antigen was serum from Cercopithecus monkeys after infection with SV40 virus. Since some anti-SV40 virus monkey sera also contain antitumor antibody in high titer,'6 it was necessary to select sera which, at the dilution used, failed to react not only with the virion-free, centrifuged extracts of SV40 virus-infected BS-C-1 cells containing tumor antigen, but also with uncentrifuged BS-C-1 cells harvested early enough after infection with SV40 virus to yield tumor antigen without virion antigen; the latter precaution was necessary because it was found that some monkey sera had much higher titers of antitumor antibody when measured with these "early" uncentrifuged extracts than with the virion-free centrifuged preparations (unpublished observations). The potency of the antivirion CF antibody was standardized with extracts of SV40 virus-infected BS-C-1 cells that were heated at 56°C for 30 min to destroy the tumor antigens. Four to eight units of CF antibody were used to measure the concentration of the antigens.
The chloramphenicol was a pure, crystalline preparation (Rx 292689 B, lot no. H22253) kindly supplied by Dr. John Ehrlich of Parke, Davis and Co., Detroit, Michigan. It was dissolved (2.5 mg/ml) in BME without serum or phenol red, stored at -20°C, and used without filtration. The pure, crystalline preparation of dactinomycin (actinomycin D; lot no. L 554651-0-10, amp. 60895) was kindly supplied by Dr. Charles W. Mushett of the Merck, Sharp and Dohme Research Laboratories, Rahway, N.J. It was dissolved (1 mg/ml) in cold distilled water, stored in the dark at 2-4°C, and used unfiltered. Commercially available dactinomycin (Lyovac-Cosmegen, Merck, Sharp and Dohme), which contains 20 mg of mannitol per 0.5 mg of the drug, was also used in some experiments. The streptovitacin A (U-9361, lot no. 4931-RRH-7, purity >95%) was kindly supplied by Dr. George M. Savage, the Upjohn Co., Kalamazoo, Michigan. It was dissolved (1 mg/ml) in BMIE without serum or phenol red, stored at -20'C, and used without filtration.
Results.-Effect of chloramphenicol: At 50 /Ag/ml of medium the BS-C-1 cells in the 32-oz bottles exhibited no microscopic evidence of toxicity and no difference in pH changes of medium from that in bottles without drug for a period of 5 days. When the cells were observed for a longer period, after adding fresh medium with drug, they showed a granularity not seen in the bottles without drug. When the drug was added 30 min before the virus (Table 1 , expt. A), there was no effect on the amount of tumor antigen synthesized, perhaps some delay in synthesis of virion antigen, and a marked diminution in the number of cells exhibiting the cytopathic effect (CPE) of the virus. When 50 ,ug/ml of medium was added 5 days before the virus, and also with fresh medium after the virus, there was no CPE at all during the 5 days of observation despite the high input multiplicity of virus which produced extensive CPE in the untreated cells within 3 days, but there was still no diminution in the amount of tumor antigen synthesized and only a slight diminution in the amount of virion antigen (Table 1 , expt. B).
At 400 ,ug/ml of medium, the cell sheet remained intact, but there was within 24 hr microscopic evidence of toxicity in the form of dark granules at the periphery of the cells, and the medium became distinctly more acid than in the bottles without drug; there was no significant change in the appearance of the cells during the subsequent 4 days of observation. When the cells were exposed to this concentration of drug for 2 hr before the addition of virus and also thereafter for the duration of the experiment, there was no CPE, but the amount of tumor and virion antigens that were synthesized varied in different experiments (Table 2 ). In at least two experiments there was a marked reduction in the amount of tumor antigens synthesized, and in four of the five experiments also a marked reduction in the amount of virion antigen synthesized. Variations in procedure of maintenance of the cells prior to addition of the drug and of replacement of the medium with fresh medium + drug 24 hr after addition of the virus did not seem to be responsible for the differences observed in the different experiments. It should be noted that the toxic effect on the cells and the inhibitory effect on viral synthesis and CPE with 400 ;Ig/ ml are both reversible when the medium with drug is washed out and replaced by growth medium without drug.
Effect of dactinomycin: All experiments were carried out with 1 ,ug/ml of medium. In the first experiment (B, Table 2 ) when a lyophilized, commercial preparation of the drug was used on 11-day-old cells that had been on maintenance medium (BME + 1%0 chicken serum) for 3 days, there was no evidence of a toxic effect at 24 hr, but at 48 hr there was marked toxicity with contraction of the cell sheet and about 20 per cent of the cells had come off the glass; at 67 hr there was marked contraction of the cell sheet with many cells off the glass and the pH of the medium was more alkaline than in the control. When crystalline dactinomycin and another commercial, lyophilized preparation were used subsequently, toxicity became apparent within 24 hr in the form of indistinct cell outlines and slight contractions of the cell sheet and then progressed as previously described. When the drug was washed out at 4 days and growth medium without drug was added, the small number of cells on the glass gradually recovered and multiplied. Despite the marked toxicity for the cells, addition of the drug 2 hr before the virus resulted in only partial depression of synthesis of the tumor antigens and in a more marked reduction of synthesis of the virion antigens in six of seven experiments. Variation in the maintenance of the cells prior to addition of the virus and replacement of the medium with fresh medium + drug 24 hr after addition of the virus, as shown in Table 2 , did not significantly alter the results.
Effect of streptovitacin A: At 10 ,ug/ml of medium the cells develop a "pallor" and granulation in [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] hr, comparable to that observed with 400 /Ag/ml of chloramphenicol, but the cell sheet remains intact and there is little progression of the toxic manifestations. When the drug was washed out at the end of 4 days and fresh growth medium without drug was added, the cells quickly recovered and multiplied extensively. Unlike chloramphenicol and dactinomycin, however, streptovitacin A completely suppressed the synthesis of both the tumor and virion antigens when the drug was added before or at various intervals after the addition of virus before synthesis had begun. No CPE appeared in the drug-treated cells. When the drug was added at 24 hr after the virus, at a time when 32 units of tumor antigen and two units of virion antigen had already been synthesized, further production of these antigens stopped (Table 3) . That the synthetic processes are suppressed only while the drug remains in the culture medium and that the drug effect is reversible (unlike the irreversible effect described by Dales11 for vaccinia virus) was demonstrated in an experiment (C in Table 3 ) in which the drug and the virus were washed out after being in contact with the cells for 48 hr and replaced by growth medium without drug; the cells quickly recovered their normal appearance and 2-3 days later yielded the usual concentrations of tumor and virion antigen. These experiments indicated that the drug did not interfere with adsorption of the virus to the cells nor with its survival during the period when its activity was suppressed. For the effect of smaller concentrations of the drug, see Table 4 . Only at 0.1 ,ug/ ml did most of the cells fail to exhibit the usual toxic effect, and the synthesis of the tumor antigen was little affected while only about 25 per cent of the control amount of virion antigen was detected at 48 hr after addition of the virus. Effects of the drugs on replication of infectious virus: The data shown in Table 5 indicate that only streptovitacin A suppressed the replication of infectious virus, while both chloramphenicol and dactinomycin only depressed it to varying extents and reduced the amount passing from the cells into the culture fluid.
Effect of glucose on inhibitory effects of dactinomycin, chloramphenicol, and streptovitacin A: While these experiments were in progress, Honig and Rabinowitz"2 reported that the inhibitory effect of dactinomycin on nuclear and cytoplasmic protein synthesis in sarcoma-37 ascites cells could be prevented or relieved by 5mM final concentration of glucose without affecting the inhibitory effect of the drug on RNA synthesis. Since the glucose concentration in the maintenance medium used for the cells in these experiments is about 5mAM and since the glucose is used up, it appeared desirable to test the effect of frequent supplements of glucose on the activity of the drugs in this study, particularly in view of the variable results with dactinomycin and chloramphenicol in different experiments shown in Table 2 . As part of The extra glucose had no effect either , 2ab) was added, at an input multiplicity of 10, to BS-C-1 cells exposed to maintenance medium containing 10 ;zg/ml of the drug for 2 hr before addition of the virus and during the course of the experiment thereafter. In the control bottle without drug, CPE first appeared at 11 hr and was complete, with most of the cells off the glass, at 20 hr after addition of the virus. When CPE failed to appear for 70 hr in the drug-treated cells, the medium containing the drug + virus was washed out and replaced by growth medium without drug; CPE appeared within 12 hr and was complete within 22 hr. Dr. G. Tarro of this laboratory, in a subsequent systematic study (to be published), demonstrated that streptovitacin A completely suppresses the replication of this poliovirus and synthesis of its CF antigen when added either before or at various times after exposure of the cells to the virus.
Discussion.-In view of the marked irreversible cellular toxicity of dactinomycin, it seems remarkable that it only partly depressed the synthesis of the SV40 tumor antigens in BS-C-1 cells. The conclusion that synthesis of these antigens involves DNA-dependent RNA6 is therefore difficult to support. The fact that long prior exposure of BS-C-1 cells to chloramphenicol at 50 ,ug/ml, which has been found effective not only in preventing synthesis of the "early" proteins in phage-infected bacteria7 but also in inhibiting synthesis of antibody in tissue cultures in vitro, 8' 9 had almost no effect on the synthesis of both the tumor and virion antigens in SV40 virus-infected cells also raises the question of the extent to which attachment of mRNA to ribosomes, that is supposed to be blocked by chloramphenicol, is involved in the synthesis of these antigens. Although the toxic effect of 400 ,ug/ml was found to be reversible, the significance of the partial inhibitory effect that it had on the synthesis of these antigens is difficult to evaluate. It is all the more remarkable, therefore, that streptovitacinA (hydroxylated analogue of cycloheximide),17 possessing no antibacterial activity and only limited antifungal activity,18 should have the capacity of completely suppressing the synthesis of the SV40 tumor and virion antigens. The fact that this compound is rapidly effective even in late stages of the viral-induced synthetic processes, and that it was found to be equally effective against an RNA virus (poliovirus type 1), suggests that it interferes with a "late" phase of protein synthesis in the mammalian cell. The basic component of streptovitacin A, cycloheximide (actidione), has also been reported to inhibit the multiplication of a great variety of DNA and RNA viruses. '9 As far as I know, the mechanism by which streptovitacin A rapidly stops protein synthesis in mammalian cells has not been elucidated,10 but its inactivity against bacteria and its limited antifungal activity suggests that it interferes with some specialized step in protein synthesis.
Another point of interest is the difference in the effect of streptovitacin A on a larger, structurally more complex DNA virus (vaccinia) 11 and a smaller less complex DNA (SV40). Cells exposed to streptovitacin A for a few hours during the early stages of association with vaccinia virus are incapable of replicating the virus after the drug is washed out, while the inhibitory effect on replication of SV40 virus is reversible even after the cells have been under the influence of the drug for several days.
Summary.-Streptovitacin A, an hydroxylated analogue of cycloheximide, completely suppressed the synthesis of SV40 nonvirion (tumor) and virion antigens in BS-C-1 cells. The drug was rapidly effective either before or at any stage after addition of the virus as long as synthesis of these antigens was still in progress. Removal of the drug, even after several days of contact with the cells, promptly resulted in replication of the virus. This drug was also effective against an RNA virus, poliovirus type 1. Exposure of the cells to chloramphenicol at 50 /Lg/ml for 5 days before and after addition of SV40 virus failed to inhibit synthesis of the tumor and virion antigens but did inhibit the cytopathic effect of the virus. Despite the marked cellular toxicity of dactinomycin at 1 ,ug/ml, there was only partial reduction in the amount of tumor and virion antigens synthesized.
